Purified protein derivatives (PPD) prepared in the USA were compared with those prepared in Australia by a private company (CSL Veterinary) for use with a commercial gamma interferon (␥-IFN) assay for diagnosis of bovine tuberculosis. The effect of skin testing on results of the ␥-IFN assay was determined, and results were compared when blood samples were stimulated with PPD within 2 hours and after 24 hours of sample collection. Twenty cattle that were sensitized by subcutaneous injection of heat-killed Mycobacterium bovis were randomly divided into 3 groups. Cattle in group A were tested with the caudal fold skin test (CFT) on day 0 and the comparative cervical skin test (CCT) on day 7. Cattle in group B were tested with the CFT on day 0 and the CCT on day 63, and group C cattle were not skin tested. Blood samples for the ␥-IFN assay were collected at various times throughout the study period. Optical density (OD) values for the ␥-IFN assay were not significantly different when blood samples were stimulated with US avian PPD and CSL avian PPD. However, OD values were significantly higher for US bovine PPD than for CSL bovine PPD. However, the final interpretation of the ␥-IFN assay was usually the same when using either US or CSL PPD. In addition, OD values for the ␥-IFN assay were significantly higher for blood samples collected after sensitized cattle were skin tested than for samples collected from the same cattle before skin testing or from cattle not skin tested.
Programs for eradication of bovine tuberculosis from the USA were initiated in 1917 when the prevalence of disease was about 5%. 2 Throughout the history of the eradication program, tuberculin skin tests have been the only tests officially approved for diagnosis of tuberculosis in live cattle. The caudal fold skin test (CFT) is the primary test used. Purified protein derivatives (PPD) produced from Mycobacterium bovis (bovine PPD) are injected intradermally (ID) into the caudal fold region. After 72 hours, the injection site is examined visually and by palpation for signs of swelling and induration. In some situations, cattle that respond to the CFT are retested using a comparative cervical skin test (CCT), which is conducted by ID injection of PPD prepared from Mycobacterium avium (avian PPD) and of bovine PPD at separate sites in the midcervical region. Skin thicknesses of the sites are measured before injection of the PPD and 72 hours later. 3 Differences in skin thickness between preinjection and postinjection measurements are plotted on a scattergram. 2 Cattle are classified as negative, suspect, or reactors based on results of the CCT.
A supplemental diagnostic test that is used in several countries is a gamma interferon (␥-IFN) assay, which is an in vitro assay commercially available as a kit. a The ␥-IFN assay is conducted by stimulation of blood with bovine PPD and avian PPD followed by detection of ␥-IFN in the plasma using an enzyme immunosorbent assay (EIA). 11, 15 Preferential production of ␥-IFN in response to stimulation with bovine PPD is considered a positive test result.
Several studies have been conducted to determine the sensitivity and specificity of the ␥-IFN assay and to compare those values with results of skin testing. Sensitivity and specificity estimates for the ␥-IFN as- say range from 55.4% to 100% and from 88.1% to 99.1%, respectively, depending on the method of test interpretation. [8] [9] [10] 14, 16, 17 In the USA, the estimated sensitivity values for the CFT and CCT are 80.4-84.4% and 75%, respectively, and specificity values are 96% and 98%, respectively. 2, 14 In New Zealand, the ␥-IFN assay is used in conjunction with the CFT for diagnosis of tuberculosis. When the assay is used in series with skin tests, cattle are first tested with the CFT and animals that respond to the PPD are retested using the ␥-IFN assay between 7 and 30 days after the skin test. Cattle with positive results to both tests are considered reactor animals. No. 1430-00-6, 050-2-2-2, Ministry of Agriculture, Wellington, New Zealand). In some situations, the assay is used in parallel with the CFT and cattle that respond to either test are considered reactors. When the ␥-IFN assay is used in parallel with the CFT, the overall sensitivity for detecting animals infected with M. bovis increases. 14 The advantages of using the ␥-IFN assay in series with the CFT instead of using the CCT for retesting cattle include the reduced number of times that animals must be handled, the flexibility to test animals multiple times if desired, and the potential for increased sensitivity.
The purposes of this study were 1) to compare results of the ␥-IFN assay when blood was stimulated with PPD prepared in the USA and by a private company (CSL Veterinary) b in Australia, 2) to determine the effect of skin testing on results of the ␥-IFN assay when blood was collected at various times after administration of PPD, and 3) to compare results of the ␥-IFN assay when blood was stimulated with PPD within 2 hours and after 24 hours of sample collection.
Materials and methods
Twenty adult Hereford steers that were sensitized by subcutaneous injection of 0.1 ml of heat-killed M. bovis (100 mg M. bovis AN5/ml mineral oil) over 2 yr prior to this study were used.
Phase I of this study was performed to determine the optimum concentration of US avian PPD and US bovine PPD to use for stimulation of blood for the ␥-IFN assay. Blood samples from each steer were collected into 3 10-ml vacuum tubes containing heparin. For each steer, 1.5 ml of blood was dispensed into each of 13 sterile 2-ml microcentrifuge tubes. The following PPD (0.1 ml) at the specified concentrations were added to separate tubes containing 1.5 ml blood: CSL avian, 300 g/ml; CSL bovine, 300 g/ml; US avian, 75, 150, 300, 600, or 1,000 g/ml; and US bovine, 75, 150, 300, 600, or 1,000 g/ml. Phosphate buffered saline (PBS) was added to 1 tube as a control. The concentrations of the CSL PPD were determined by the manufacturer of the products, b which were used as supplied. The US PPD were supplied by the manufacturer c at a concentration of 1,000 g/ml and were diluted in PBS to attain the desired final concentrations. After adding PPD or PBS to the blood samples, tubes were capped, and samples were mixed by inversion or by gentle vortexing. Blood samples were incubated 22 hr at 37 C in a humidified chamber with 5% CO 2 . After centrifugation, plasma from each tube was harvested and transferred to another 2-ml microcentrifuge tube and stored frozen at Ϫ20 C until analyzed. Plasma samples were assayed for the presence and relative amount of ␥-IFN using the commercially available test kit. a The experiment was repeated using blood collected from 10 of the steers. Results of both experiments revealed that maximal optical density (OD) values for the EIA were achieved when blood was stimulated with 0.1 ml of 300 g/ ml US bovine PPD and 300 g/ml of US avian PPD (Fig.  1 ). The optimum concentration of CSL PPD for stimulation of blood samples (previously described 12 ) was the same as the concentration determined for the US PPD in the present study. The US and CSL bovine and avian PPD were used at 300 g/ml (final concentration 20 g/ml of blood; 0.1 ml PPD in 1.5 ml blood) for phase II and III of the study.
Phase II of this study was performed to compare results of the ␥-IFN assay when blood was stimulated with US PPD or with CSL PPD and to determine the effect of skin testing on the results of the ␥-IFN assay. Sensitized steers were randomly divided into 3 groups. Cattle in groups A and B (n ϭ 7/group) were skin tested using the CFT (0.1 ml of 1 mg bovine PPD/ml) on day 0. Cattle in group A were retested using the CCT (0.1 ml each of 1 mg bovine PPD/ml and 0.4 mg avian PPD/ml) on day 7, and group B cattle were retested with the CCT on day 63. Cattle in group C (n ϭ 6) were not skin tested. Blood samples for the ␥-IFN assay were collected from all cattle on each of the following days: 0, 3, 7, 10, 14, 21, 28, 42, 56, 70, and 77. Blood samples also were collected from group A cattle on days 17 and 24 and from group B cattle on days 63, 66, and 73. On each day of blood collection, 1.5-ml samples were dispensed into each of 5 microcentrifuge tubes for each animal. Blood samples were stimulated by adding 0.1 ml of the following to separate tubes: PBS, CSL avian PPD, CSL bovine PPD, US avian PPD, and US bovine PPD (concentration of PPD was 300 g/ml). Samples were mixed and incubated, and plasma was harvested as described above. Plasma samples were stored at Ϫ20 C until they were assayed for ␥-IFN as instructed by the manufacturer of the kit. a Analyses of variance and Duncan's multiple range test were used to determine the effect of skin testing on results of the ␥-IFN assay and to compare results when blood samples were stimulated with US PPD or CSL PPD.
Phase III of the study was performed to compare results of the ␥-IFN assay when blood samples were stimulated with PPD within 2 hr and after 24 hr of sample collection. Blood (10 ml) was collected from each steer into each of 2 heparinized collection tubes on the following days: 0, 3, 7, 14, 21, and 28. Blood samples also were collected in duplicate from group B animals on days 56, 63, 66, 70, 73, and 77. Within 2 hr of sample collection, the blood from 1 of the collection tubes was dispensed in 1.5-ml aliquots into each of 5 microcentrifuge tubes and treated with 0.1 ml PBS or PPD as described in Phase II. Samples were mixed and incubated, and plasma was harvested as described above. After 24 hr at room temperature (approximately 23 C), the second blood collection tubes were inverted several times and 1.5ml samples were dispensed into each of 5 microcentrifuge tubes. Blood samples were stimulated, mixed, incubated, and assayed as described above. Mean OD values for each time point (2 hr, 24 hr) and each PPD were compared using the F-value of the analysis of variance.
Results
To compare results of the ␥-IFN assay when blood samples were stimulated with US PPD and CSL PPD, mean OD values for samples stimulated within 2 hours of sample collection for all groups of cattle and all times points were combined for each PPD (Fig. 2 ). There were no significant differences in mean OD values for samples stimulated with US avian PPD compared with CSL avian PPD. In contrast, the OD values for samples stimulated with US bovine PPD were significantly higher (P Ͻ 0.01) than OD values for samples stimulated with CSL bovine PPD (Fig. 2) . The OD values were significantly higher (P Ͻ 0.01) for samples stimulated with either US bovine PPD or CSL bovine PPD than for samples stimulated with avian PPD or treated with PBS. When results of the EIA were interpreted as previously described, (OD of bovine PPD) Ϫ (OD of PBS) Ͼ 0.049 and (OD of bovine PPD) Ϫ (OD of avian PPD) Ͼ 0, 16 results of the ␥-IFN assay were classified as positive for cattle in all groups when blood was stimulated with either US PPD or CSL PPD throughout the course of the study.
To determine the effect of skin testing on the ␥-IFN assay, OD values for samples collected from cattle not skin tested and from cattle before they were skin tested were compared with those for samples collected after skin testing. The OD values were significantly higher (P Ͻ 0.05) for PPD-stimulated samples collected between 3 and 28 days after cattle were skin tested than for samples collected before skin testing (Figs. 3, 4) . Although the OD values were generally lower at time points after 28 days, the OD values for some of the PPD-stimulated samples remained significantly higher (P Ͻ 0.05) than those for samples collected before skin testing. The OD values were higher 3 days after cattle were tested using the CFT than they were 3 days after the CCT; however, all OD values remained higher than preskin test values throughout the study period (Figs.  3, 4) .
Mean OD values were significantly higher (P Ͻ 0.01) when samples were stimulated with PPD within 2 hours of sample collection as compared with OD values when samples were stimulated 24 hours after collection (Fig. 5 ). However, when results of the ␥-IFN assay were interpreted as previously described, 16 results were classified as positive for most animals whether the samples were stimulated within 2 hours or after 24 hours of sample collection (Table 1 ). Results of the ␥-IFN assay were negative for 5 of 36 samples stimulated with CSL PPD 24 hours after sample collection from sensitized steers in group C, which were not skin tested.
The OD values of blood samples collected 3 days after skin testing and stimulated 24 hours after sample collection were compared with those of samples collected before skin testing and stimulated within 2 hours. The OD values were significantly higher (P Ͻ 0.05) for samples collected from group A and group B cattle on day 3 and stimulated with PPD after 24 hours than those for samples collected from the same cattle on day 0 before skin testing and stimulated within 2 hours of sample collection (Fig. 6) .
Results of the CFT were positive for all sensitized cattle that were tested. All 7 group A cattle and 5 group B cattle were classified as reactors with the CCT. Two group B cattle were classified as suspects based on results of the CCT.
Discussion
Results of this study show that PPD prepared either in the USA or in Australia can be used to stimulate blood for the ␥-IFN assay without affecting results of the test. Although the OD values for samples stimulated with US bovine PPD were higher than those for samples stimulated with CSL bovine PPD, the final interpretation of the test was usually the same. The bovine PPD from both sources are prepared from the culture filtrate of M. bovis strain AN5. The culture medium used for preparation of the US PPD is modified Reid's medium, 1 and the medium used for CSL PPD is Dorset and Henley. Another difference between the 2 PPD preparations is the methods used for precipitation of proteins. The US PPD is prepared by ammonium sulfate precipitation methods, 1 and the CSL PPD is prepared using trichloroacetic acid to precipitate proteins. Results of this study indicate that PPD prepared by either method can be used to stimulate blood samples for the ␥-IFN assay.
In the present study, OD values for the ␥-IFN assay were higher in sensitized cattle after skin testing than before skin testing and were higher than the OD values for sensitized cattle that were not skin tested. These results are similar to those of previous studies using cattle experimentally infected with M. bovis and cattle vaccinated with M. bovis bacillus Calmette-Guérin (BCG). [4] [5] [6] [7] 12, 18 In cattle experimentally infected with M. bovis, OD values were elevated following the CFT (0.1 ml of 3 mg bovine PPD/ml) and did not return to pre-skin test levels within the 59-day study period. 12, 18 Likewise, a boost in ␥-IFN production was observed 14 days after the CCT in experimentally infected cattle. 4, 5 Production of ␥-IFN was also elevated in cattle vaccinated with BCG after they received a booster vaccination with BCG. 6 Increased production of ␥-IFN following skin testing has also been observed in larger studies conducted in New Zealand, where field data suggest that the ␥-IFN assay is more sensitive than the CCT when used between 10 and 30 days after CFT. 13 The specificity of the ␥-IFN assay was not affected by skin testing. However, in another study conducted in Ireland, where the CCT was used as the initial skin test, results of the ␥-IFN assay were not affected by skin testing. 7 In that study, many of the OD values exceeded the range of the EIA reader used, making comparison of values before and after skin testing difficult.
The manufacturer of the test kit and authors of a previously published study recommended that blood samples be stimulated with PPD within 12 hours and 8 hours, respectively, of blood collection. 12 However, in many situations, it is not possible to get the blood samples to the laboratories that conduct the ␥-IFN assay within this time frame. Our results showed that although the OD values of samples stimulated with PPD 24 hours after sample collection were significantly lower than those for samples stimulated within 2 hours, the diagnostic interpretation was largely unaffected by this delay in processing. These results are consistent with previously published reports. 12 Animals in group C with blood samples stimulated with CSL PPD had the greatest difference in the number of tests with results classified as positive when samples were stimulated within 2 hours versus 24 hours. Group C animals were not skin tested, and OD values were lower than those of animals in groups A and B. In addition, the OD values for samples stimulated with CSL bovine PPD were significantly lower than those for samples stimulated with US bovine PPD. The combination of these factors resulted in classification of fewer animals as positive when samples were stimulated 24 hours after sample collection. Further studies in cattle infected with M. bovis are needed to confirm this observation.
The OD values for blood samples stimulated with PPD 24 hours after collection from sensitized cattle that were skin tested were significantly higher than those for blood samples collected from animals before skin testing and stimulated within 2 hours of sample collection. These results indicate that blood samples from sensitized animals that have been skin tested can be stimulated 24 hours after sample collection without loss of test sensitivity. This finding is important when considering the need to transport blood samples to the laboratory using overnight courier services. These results are consistent with the guidelines for use of the ␥-IFN assay in New Zealand, where blood samples may be used up to 30 hours after collection from animals tested by CFT between 10 and 30 days earlier.
Results of this study indicate that skin testing cattle with prior exposure to M. bovis antigens before collection of blood for the ␥-IFN assay leads to a boost in production of ␥-IFN in response to stimulation with PPD and may improve detection of cattle infected with M. bovis.
